Plants display a range of striking architectural adaptations when grown at elevated temperatures. In the model plant Arabidopsis thaliana, these include elongation of petioles, and increased petiole and leaf angles from the soil surface. The potential physiological significance of these architectural changes remains speculative. We address this issue computationally by formulating a mathematical model and performing numerical simulations, testing the hypothesis that elongated and elevated plant configurations may reflect a leaf-cooling strategy. This sets in place a new basic model of plant water use and interaction with the surrounding air, which couples heat and mass transfer within a plant to water vapour diffusion in the air, using a transpiration term that depends on saturation, temperature and vapour concentration. A two-dimensional, multi-petiole shoot geometry is considered, with added leaf-blade shape detail. Our simulations show that increased petiole length and angle generally result in enhanced transpiration rates and reduced leaf temperatures in well-watered conditions. Furthermore, our computations also reveal plant configurations for which elongation may result in decreased transpiration rate owing to decreased leaf liquid saturation. We offer further qualitative and quantitative insights into the role of architectural parameters as key determinants of leaf-cooling capacity.
Introduction
Plants growing in natural environments are exposed to fluctuating ambient temperatures, and have therefore evolved a variety of temperature-mediated developmental adaptations to enhance productivity and promote survival. Architectural responses to growth at elevated temperatures include elongation of stems and petioles (leaf stems), and increased leaf angles from the soil surface (hyponasty), as observed in the model species Arabidopsis thaliana (figure 1). The promotion of elongation growth at high temperature involves elevation of the plant hormone auxin, and the molecular control of this process is starting to be elucidated [1, [3] [4] [5] . Despite the striking nature of these phenotypes, their potential physiological significance remains speculative. High air temperature likely imposes two major physiological stresses on plants: heating of plant tissues and increased loss of water through pores (stomata) on the surface of leaves where liquid water evaporates (transpiration) [6] [7] [8] [9] .
High-temperature-induced elongation growth and leaf hyponasty (elevation) have been suggested to reduce heat damage, through decreasing the exposure of leaves to direct sunlight and raising photosynthetic structures towards cooling breeze [3, 10] . A recent study [2] has compared the cooling and water use of Arabidopsis plants that were pre-grown at different temperatures, resulting in significantly different shoot architectures. When subsequently placed in identical humidity-and temperature-controlled environments, the plants previously grown in high-temperature conditions showed enhanced water loss and leafcooling capacity when compared with controls grown at a lower temperature (figure 1c), despite the former showing no increase in leaf stomatal pore area. These data support the possibility that temperature-mediated changes in plant & 2013 The Author(s) Published by the Royal Society. All rights reserved.
architecture may directly affect water movement and leaf temperature, and raise the question of whether petiole elongation and elevation could represent a leaf-cooling strategy.
Water-use efficiency is a priority area in plant science research, particularly with regard to growth at elevated temperatures associated with global climate change [9] ; here, we aim to use mathematical models to explore the relationship between plant geometry, water flow and leaf temperature, initially through simulation of the experimental conditions in Crawford et al. [2] . Transpiration has previously been modelled in a number of crops and trees, to provide predictions of water usage within canopies [11] . None of these models incorporates temperature-mediated alterations in plant architecture.
Existing models of water use in plants range from models for soil-plant interactions [12] to studies of water flow in the xylem of plants, which provides a simple 'pathway' for water transport. Water in plants moves as a result of gradients in chemical concentrations, hydrostatic pressure and gravity. The flow of water in green plants is reviewed in Rand [13] , where a slow xylem flow is described. Mathematical models of the dynamics of water flow in plants have incorporated the pathway effects from roots to leaves to the atmosphere for certain species. In Janott et al. [14] , a one-dimensional xylem flow model is coupled to plant architecture above and below ground in higher dimensions, to simulate sap flow in trees. No direct feedback of the transpiration to the leaf microenvironment is considered, however.
Physiologically, water flow through plants is, in stems, via a system of xylem vessel elements and tracheids, arranged into vascular bundles [15] , whereas leaves (which are seen to be of the order of 10 cells thick for Arabidopsis [16] ; K. A. Franklin 2012, unpublished images) have a complicated combination of petiole, vein networks of varying sizes and pathways outside the vein xylem [17] . While Poiseuille's law for pipe flow is sometimes used to model water flow in plants, this models only the flow through single pipes with no obstructions. Instead, we will attempt to take account of the complex structure of the entire water transport medium by modelling it as a porous medium; the distinction is discussed further in Vilagrosa et al. [18] . Porous-medium-type flow models in plants are discussed in recent studies [19, 20] , where the need for numerical simulations in twoand three-dimensions as well as hydraulic functions dependent on water saturation are highlighted. The hydraulic system of trees is also studied in Frü h & Kurth [21] , where porous medium flow is combined with a water storage model, with architectural parameters of trees used as inputs to the model. A model that predicts water potential in a tree is given in Kumagai [22] ; however, this quantity is not always easily measured. A further model for the hydraulic system of a conifer tree is described in Chuang et al. [23] , where sap flux is explicitly output from simulations in order to compare with experimental data.
The earlier-highlighted models typically have mass flow driven by prescribed transpiration rates, implemented by adding sink terms to the mass conservation equations over intervals (in one-dimensional models) which represent the plant canopies or crowns. Our current investigation into the effect of high-temperature-mediated, developmentally plastic adaptations on water use and leaf temperature in small plants will go further by coupling of a suitable mass flow model with variable temperature effects, and consideration of the transpirational mechanism coupled to both heat and mass transfer.
A guide for modelling both heat and mass transfer in porous media with evaporation can be taken from a number of mathematical studies including [24 -29] . Crucial to the model of transpiration that we develop in this paper is the specification of suitable boundary conditions between stomata-covered leaf surfaces and the adjacent free air, balancing heat and mass fluxes with evaporation rates, as in Liu et al. [26] . Such conditions, which take into account the saturation pressure of water in air, are also seen in the models of soil drying [30] . Furthermore, evaporation and water transfer from wet surfaces and leaves have been modelled in detail rsif.royalsocietypublishing.org J R Soc Interface 10: 20130326 from first principles [31, 32] , leading to the Penman-Monteith equation for evaporation rate as a function of saturation vapour pressure deficit. A model, which uses a similar evaporation term, has recently been used to study the effect of leaf separation on evaporative cooling and water loss rates from isolated leaves [33] . It predicts water vapour concentration in the air surrounding the leaves, as well as temperature throughout the leaves, with water loss from the lower leaf stomata being dependent on these two quantities at the leaf-air boundary, but includes neither the effects of water supply to leaves, nor a realistic plant architecture.
In this paper, we combine the various model ingredients currently available in the literature into a more complete model for heat and mass transfer with varying plant shoot geometry, motivated primarily by the need to understand the physiological significance of the elongation and elevation of petioles at high-temperature growth conditions in Crawford et al. [2] . In particular, the model is developed to simulate both the phenotypes and experimental conditions described in Crawford et al. [2] . For the first time, we present a twodimensional model of heat and mass transfer in the disjoint domains of plant shoot and surrounding air, coupled by transpiration conditions (with transpiration dependent on leaf temperature, water content and vapour concentration) at the lower boundaries of leaves. We report on the mathematical model and computational solution framework, and, motivated by the results and hypothesis of Crawford et al. [2] , we study model predictions of the effects on leaf cooling of variations in petiole length and petiole angle to the ground. In doing so, we further support the hypothesis that leaf separation and plant height from the soil surface enhance leaf evaporative cooling at high temperature.
Mathematical formulation
We begin by describing the development of a mathematical model of heat and mass transfer within a plant shoot, surrounded by air partially saturated with water vapour, with a soil boundary below. We include modelling ideas from recent studies [23, 33] for the plant interior, and present an extended model that also considers the plant exterior, applied to a plant shoot similar to the Arabidopsis plants discussed in Crawford et al. [2] . Our model does not attempt to describe the dynamics of the plant growth, hence it is assumed that the plant boundaries do not change over time. Nor does it attempt to model the fine structure of water movement in the plant, but rather a representative macroscopic flow, through a porous medium. For the sake of simplicity, we consider a two-dimensional cross section through the plant, as illustrated schematically in figure 2.
Governing equations
The so-called transpirational pull is the driving mechanism for water flow through the plant. We model the xylem flow as liquid water flow through a porous medium, to take (some) account of the complicated structure of the plant's medium for water transport. Thus, in the plant, we have momentum conservation given by Darcy's law, together with mass and energy conservation. Darcy's law gives the Darcy velocity (volumetric flow rate per unit area) u l (x, t) at position x and time t as u l ¼ ÀK r l ðrp À r l gÞ; ð2:1Þ whereK is the hydraulic conductance of the porous medium, r l is the liquid water density, p is the liquid water pressure and g is the gravity vector. We note here that various definitions (and hence various units) for hydraulic conductivity and conductance are given throughout the literature; here, we follow the terminology of Chuang et al. [23] . Conservation of mass in our two-dimensional plant geometry, assuming there are no water sources or sinks within the plant itself, implies that
where s(x, t) is the liquid water volume fraction (saturation) relative to porosity and f is the porosity of the plant. Here, h(x) is half the leaf width (perpendicular to the page in figure 2 , giving upper and lower leaf surfaces of non-zero area) at position x. Thus, equation (2.2) represents conservation of liquid water mass in the petiole and leaf, while capturing the effect of leaf width. A similar argument is presented by Chuang et al. [23] , where a one-dimensional model for flow in a tree was modified to include a variable term to account for trunk area variation. We note that leaf width is not a function of time in our model, so that (2.2) may be replaced by rsif.royalsocietypublishing.org J R Soc Interface 10: 20130326
Throughout the petioles, the cross-sectional area normal to the flow (and thus the width normal to the page) is assumed constant. The pressure p and conductanceK are functions of the liquid saturation s. Expressions for these functions may be derived from empirical relations for water potential, and xylem hydraulic quantities taken from studies of plants and soils. First, the relationship between pressure and saturation typically comes from an empirical relation that fits to a water retention curve. We follow Chuang et al. [23] and use the form The temperature T(x, t) within the plant is governed by the modified heat equation:
as there is no heat source or sink within the plant, and convection effects are small. Here, rc is the product of the specific heat capacity and mass density of the material, andK is the thermal conductivity. While temperature effects are important, we shall take the ambient air temperature to be constant and uniform (to model the controlled environment in Crawford et al. [2] ). As such, we take the air temperature simply as T(x, t) ¼ T 1 , while retaining temperature variation in the plant. We will use heat and mass transfer coefficients in boundary conditions to describe the air -plant balances, which we describe in more detail below. We retain the variation of water vapour concentration C(x, t) in the air, however, as the water vapour pressure deficit is key in driving the evaporation from stomata at the leaf surface. In the absence of a prevailing wind, the mechanism for water vapour transport in air is diffusion, so the water vapour concentration is governed by
where D is the diffusion coefficient for water vapour in air. This still-air assumption models our controlled experimental conditions [2] ; extending the model so that it is valid in 'natural' conditions would necessitate coupling (a possibly turbulent) air flow to the plant model. While important, this would require significant additional experimental data to properly parametrize, and is thus beyond the scope of our initial study and deferred to future work. Thus, to summarize, the system states are liquid water saturation s(x, t) and temperature T(x, t) in the plant, and water vapour concentration C(x, t) in the air, governed by the parabolic equations (2.9), (2.10) and (2.11), respectively. We now proceed to describe the computational domain and boundary conditions.
Petiole/leaf geometry 2.2.1. Computational domain
In order to assess the effects on leaf cooling and water use of plant architectural parameters that describe elongation and elevation, we consider two plant-geometry configurations, with either one or two petiole/leaves, illustrated schematically in figure 2 .
For the single-leaf configuration (figure 2a), we look sideways-on at a single leaf, whose petiole emanates from the origin O at the surface of the soil (from where the petiole's water is supplied), at an angle b 1 to the soil surface (y ¼ 0). The petiole and leaf have a thickness d pet , and we approximate experimentally observed architectures [2] by setting equal the angles of the leaf and petiole to y ¼ 0. We define a leaf centreline axial coordinate j 1 as shown in figure 2a. The leaf (shaded black in figure 2a ) has length L leaf , and its petiole has length m 1 L leaf . The governing equations for s and T are solved in the leaf and petiole, which occupy the region bounded by the boundary portions G in,1k,yp for k ¼ 1, 2, . . . , 5, where G 12 , 13 , 14 are leaf boundaries and G in,11,15,yp are petiole boundaries. The governing equation for C in the surrounding air is solved in the region bounded by the boundary portions G soil,side,top,yc,1k , k ¼ 5, 4, . . . , 1. To study the effects of temperature-mediated architectural adaptations affecting soil -leaf and leaf-leaf separation in a multi-leaf plant, we will use the corresponding two-leaf computational domain shown in figure 2b. The coordinates of the boundary vertices are computed under the assumption that the intersection point between the two petioles is at an angle (b 1 þ b 2 )/2 to the soil surface.
In both one-and two-leaf models, we assume symmetry about x ¼ 0 and compute the solutions for a 'half-plant' contained within a rectangular air domain (so that figure 2a represents half of a two-leaf plant and figure 2b represents half of a four-leaf plant).
Boundary conditions
In the plant, we have parabolic equations for s and T, whereas in the air, we have a parabolic equation for C. At each plantair boundary, we therefore require three boundary conditions. We do not solve the problem of heat and mass transfer within the soil, and so at plant -soil and air -soil boundaries, we require two conditions and one condition, respectively. The typical conditions used for our computations on each boundary portion are detailed in table 1. At the 'inlet' boundary G in , water mass flux and heat flux into the petiole must balance those from the roots. However, rsif.royalsocietypublishing.org J R Soc Interface 10: 20130326 without the detail of a root model, we take simple Dirichlet conditions of high water saturation s 0 and fixed temperature T i to represent the well-watered and high soil/petiole temperature conditions of Crawford et al. [2] .
The 'transpiration rate' E is a function of the vapour pressure (or concentration) deficit. In Beguerisse et al. [33] , the form taken was
ð2:12Þ
where C sat is the saturation concentration and C is the water vapour concentration in the surrounding air. The Penman-Monteith equation [31, 32, 34] gives an expression for transpiration rate (mass flux) for models where water evaporation and exit from leaves via stomata is driven by vapour pressure deficit. There are many modifications and versions of the Penman-Monteith equation in use in the literature. Following Taiz & Zeiger [8] , we take the simple form
Here, the constant g w is a measure of conductance, which depends on the resistance of the stomata and air to water mass transfer, RHðT s Þ and p sat (T s ) are the relative humidity and saturation vapour pressure functions (where the temperature T s is that of the leaf surface, which we compute from our solution to the (s, T )-problem in the plant), and p a is the water vapour pressure. The Kelvin equation gives [35] RH ¼ exp
where M is the molar mass of water, and R is the universal gas constant. With constant g w , (2.13) represents a simplified model of transpiration. In reality, the transpirational conductance will be a function of stomatal conductance, which is in turn a function of environmental conditions and water supply to the stomata. Similar models to (2.13), with transpiration rate proportional to vapour pressure deficit, have been presented by a number of authors, with much focus on the functional dependence of conductance on key plant and environmental variables [35] [36] [37] [38] [39] [40] . These include a vast number of differing and complex empirical and mechanistic models at leaf or stomatal scale, many of which are yet to be tested experimentally. In the absence of further experimental data for Arabidopsis with which to parametrize complex and speculative models, we choose a simple conductance function that captures the effect of varying total open stomatal area. The key observation that stomatal opening (and hence conductance) is reduced in low water supply conditions with respect to well-watered conditions [36, 37, 40] is thus modelled here by including factors of liquid saturation s and stomatal density l into our conductance function. A simple such representation of the water conductance incorporates linear dependence on s and l, and our final transpiration rate is given by
(whereby evaporation is precluded as water supply or stomatal open area vanishes). Arabidopsis leaves have significantly more stomata on the lower (abaxial) surface than the upper (adaxial) [9] , and we follow Crawford et al. [2] by considering stomata (and hence transpiration) only at the lower leaf surface. For computations with uncovered soil, the mass flux from the soil is given by a concentration-deficit expression of the forms shown in references [41] [42] [43] [44] :
for a mass transfer coefficient q soil . In Crawford et al. [2] , experiments are performed with the soil surface covered in cling-film, to ensure that measured water loss is from the plant rather than from the soil. In our numerical computations, we will simulate such conditions by taking q soil ¼ 0.
Leaf geometry
We must also specify the leaf width, as a function of the leaf/ petiole axial coordinate j. The leaf half-width h (distance from leaf axis to leaf boundary normal to the page in figure 2 ) varies with the leaf axial coordinateĵ ¼ j À m 1 L leaf , increasing from the radius of the petiole at the junction with the petiole (ĵ ¼ 0), up to a maximum, then down to zero at the leaf tip (ĵ ¼ L leaf ). To give a leaf-blade shape similar to those shown in photographs in Crawford et al. [2] , our leaf half-width h is Table 1 . Boundary conditions for the computational model; n is the unit normal to the relevant surface, @/@n the normal derivative.
water vapour flux due to evaporation from soil surface G in s ¼ s 0 'inlet' saturation given for well-watered condition T ¼ T i 'inlet' temperature, which will be high for covered soil G 11,13,14,15 , G 21,23,24,25
heat balance with evaporation 
ð2:17Þ
where L leaf is the leaf length, r ¼ d pet is the petiole radius and h max is half the maximum leaf width. A leaf outline can be constructed by plotting ( j, +h(j)), as in figure 3.
Parameter values
Base parameter values used in our computations are listed in table 2. Estimates for leaf and petiole properties have been taken from published values where possible. Leaf length and width have been chosen to agree with the leaf area data in Crawford et al. [2] . The transpiration conductanceconductivity function g w and maximum hydraulic conductanceK max were manually fitted so that simulations showed order-of-magnitude agreement with the values reported in Crawford et al. [2] for temperature difference between compact and elongated plants (approx. 18C) and the average water loss rate per leaf (approx. 10 28 kg s -1 per leaf ). Note that we find a value forK max of the same order of magnitude as [23] , though this is admittedly for a different plant.
Summary
In order to assess the effect of high-temperature-mediated adaptations in petiole elevation and elongation on plant cooling capacity, we will compute numerical solutions to the coupled problems of heat and mass transfer in the plant and water vapour diffusion in the surrounding air. Specifically, we compute solutions for (s,T ) in the plant (equations (2.3) and (2.10)) simultaneously with C in the surrounding air (equation (2.11)), summarized below:
in the air.
ð2:18Þ
Motivated by experimental observations [2] , we will use the model to investigate the effect of varying petiole elevation and elongation; this architectural variation will be achieved by varying parameters m 1,2 ( petiole elongations) and b 1,2 (angles of elevation).
Computational methods
We consider the experiments described in Crawford et al. [2] , where plants grown at either 228C or 288C (which results in 'compact' or 'elongated/elevated' architectural phenotypes) are first cooled to a temperature of 208C and then exposed to either a warm or hot environment (228C or 288C ambient temperature, respectively). We mimic this experiment computationally by prescribing values of m 1,2 and b 1,2 in both the single-leaf and two-leaf configurations to represent a range of compact and elongated/elevated plants. With these prescribed architectural geometries specified, we solve the governing equations from an initial condition with s, T, C uniform throughout their respective domains, with an ambient temperature T 1 ¼ 208C, until a steady state is achieved. The ambient temperature is then increased at time t ¼ 0 (with a controlled humidity in the growth chamber), and we compute the temperature, saturation, concentration and water loss for each leaf over a 24 h time interval.
For each prescribed plant geometry, the solutions s, T, C (and quantities derived from these) are computed using the finite-element package COMSOL v. The system is run until steady-state temperature is achieved in a 208C environment, results from which are then used as initial conditions for a 288C environment. The 288C computation is run until time t h ¼ 24 h. A steady-state temperature is usually achieved on times of the order of 10-100 min, and water loss rate from the leaf appears not to vary on a time scale of hours to days, in agreement with time courses experimentally observed in Crawford et al. [2] .
Principally, we are interested in the temperature of each leaf as a measure of cooling capacity for each experiment. Because the driving mechanism for cooling is transpiration, and the cumulative water loss from each plant is recorded in Crawford et al. [2] , we also compute two integrals for each experiment: the total rate of water loss, or transpiration rate (kg s -1 ) from the lower surface of leaf i at time t, given by The total cumulative water loss from the plant is given by WðtÞ ¼ P i¼1;2 W i ðtÞ.
Results
Here, we describe the results of numerical simulations obtained for computations using a range of plant geometries. We keep the leaf length, breadth and depth fixed throughout, and instead focus on varying petiole length and angle as the key architectural parameters (to mimic experimentally observed phenotypes [2] ). We begin with analysis of the 'single-leaf' problem, which refers to the computational domain in figure 2a ; the solution, in this case, is representative of half a plant shoot with two petioles and leaves, given the symmetric boundary conditions at x ¼ 0. This single-leaf analysis studies the important effect of separation of leaf from soil surface. We then progress to study a 'twoleaf' model (representative of half a plant shoot with four petioles and leaves), which also encompasses inter-leaf separation. In both cases, we study the effects of changing plant architecture by varying the elevation b 1,2 and length m 1,2 parameters of the petiole. We then go on to explore the effect of changing various environmental conditions, specifically air temperature and water supply. We further investigate and quantify this effect by computing temperature and saturation profiles within the leaf and vapour concentration profiles underneath the leaf at time t h ¼ 24 h, as shown in figure 5 , for a range of petiole elevations and elongations. In each case, a sharp decrease in temperature occurs over a region close to the petiole -leaf junction, and the temperature profile has an inflection near the centre of the leaf. The temperature within the leaf increases slightly towards the leaf endpoint (as j ! (m 1 þ 1)L leaf in our model), owing to the evaporation rate vanishing at this point as the leaf width is 2h ! 0. For plants with short petioles (m 1 ¼ 0.5, illustrated by solid lines in figure 5) , we see that away from the leaf endpoint, an increase in elevation b 1 generally results in lower temperature. This effect is not as significant for the plant with longer petiole (m 1 ¼ 2.5, illustrated by thinner lines with markers in figure 5 ). Furthermore, while increasing the petiole length for the b 1 ¼ 58 plant results in a lower leaf midpoint temperature, this enhanced cooling is not seen for the b 1 ¼ 308, and a slight increase in leaf midpoint temperature even occurs upon lengthening the b 1 ¼ 608 plant. Each plant has almost linear water saturation (s) profile through its petiole, with an almost constant water content throughout its leaf. The elongated plants have lower water content s throughout their leaves. In a plant with high b 1 , this results in a lower water loss rate. However, for the plants with b 1 ¼ 58, where the small soil-leaf separation results in higher vapour concentrations and lower transpiration rate, lengthening the petiole enhances the cooling capacity.
The earlier-discussed nonlinear effects are further demonstrated in figure 6 , where we quantify the effect of varying the architectural parameters m 1 and b 1 . Specifically, we show steady-state (at 24 h) values for temperature T and saturation s at the centre point of the leaf, water vapour concentration C in the air just below the leaf midpoint, and the transpiration rate (rate of water loss) E tot from the entire leaf, all as functions of m 1 and b 1 . Focusing first on the temperature plot (figure 6a), we see that for small angles (b 1 258), the leaf temperature decreases with increases in m 1 and b 1 , that is, to architectural adaptations which increase the leaf's distance from the soil surface (in these computations, there is no zero vapour flux from the soil surface, to mimic the covered-soil experiments in Crawford et al. [2] ). For fixed b 1 258, we see the temperature is non-monotonic with respect to m 1 ; T decreases with m 1 to a minimum, then increases for longer petioles. This optimum petiole length for a given elevation represents a plant geometry for which further elevation alone enhances cooling by increasing separation from the soil surface, but enhanced cooling by further elongation alone is not achievable due to a decreased water supply. The contour plot for s (figure 6c) clearly shows the decreased water content with elongation. Furthermore, with our chosen parameter values, the model can predict temperature differences between the different phenotypes of the order of 18C, and water loss rates of the order of 10 28 kg s with a possible decreased cooling capacity with decreased leaf water content resulting from petiole elongation. The benefit in separating the leaf from the soil surface should increase under 'natural' conditions where the soil surface is uncovered and is itself, therefore, a source of water vapour, rather than the covered-soil surface experimental conditions studied in Crawford et al. [2] . In figure 7 , we show the results of computations corresponding to those in figure 6 , but now with q soil . 0, to simulate uncovered soil providing a water vapour flux into the air. This flux increases the water vapour concentration in the air surrounding the plant, which acts to decrease the transpiration rate, and increase rsif.royalsocietypublishing.org J R Soc Interface 10: 20130326 leaf temperature. With a vapour source from the soil, there is now much greater benefit in separating the leaf from the surface, which even outweighs the detrimental effect of elongation on water supply. In this case, both elevation and elongation always act to increase cooling, with T, C, s and E tot seen to be monotonic functions of both m 1 and b 1 . We also see quantitative changes: transpiration drops significantly for compact plants, despite only a relatively small fall in liquid saturation in the plant.
Two-leaf analysis
In a move towards more realistic multi-leaf plant geometries, we now consider a computational domain containing two leaves (corresponding to a symmetric four-leaf plant). Here, the parameters m 1,2 and b 1,2 control leaf -soil and inter-leaf separation, specifically denoting the elongation and elevation of the two leaves/petioles (where subscripts 1 and 2 refer to the lower and upper leaves, respectively), and we again analyse the effects of these parameters on leaf temperature. In addition to full variation of m 1,2 and b 1,2 , we will also consider three specific plant geometries in more detail: 
Temperature and concentration fields for varying architecture
In figure 8 , we show the steady-state temperature and concentration fields for our three two-leaf configurations, after 24 h in a 288C experiment. The effects of simultaneously increasing both elevation (hyponasty) and elongation are clear: the more compact the plant, the higher the water vapour concentration at the lower leaf surfaces and the higher the leaf temperatures. In figure 8b , we zoom in on the lower leaf of the compact plant and see that the temperature is lower in the upper leaf, which is further from the covered-soil surface and has a lower vapour concentration at its underside. For a more detailed picture of variation in response to these twoleaf architectures, we show in figure 9 graphs of temperature, water vapour concentration and saturation profiles, together with water loss time courses. First, examining the temperature, we see that both leaves decrease their temperature in response to elongation/elevation. Further, the upper leaf of each plant is significantly cooler than the lower leaf, except for the VHEL plant. The reason for this again lies in the fact that the vapour concentration is lower at the upper leaf, leading to a higher transpiration rate, providing the water supply to the upper leaf is not significantly decreased. For the VHEL plant, despite the lower concentration C, the upper leaf has a significantly lower saturation s that limits the water supply.
Two-leaf plants with water vapour flux from soil
As in the single-leaf case, we can use our model to explore the effect on leaf temperature of uncovering the soil surface on ). It is important to remember that our computational domain is two-dimensional, but here we choose a three-dimensional plot to visualize the temperature distribution throughout the leaves, allowing for a comparison with thermal images such as those shown in Crawford et al. [2] . The main effects are clear: the upper leaf is cooler (by temperature differences of the order of 18C than the lower leaf), the elongated/elevated plants are cooler than compact ones and allowing water vapour flux from the soil surface limits the cooling capacity.
Upper leaf separation from soil surface and lower leaf
In order to explore more thoroughly the effect of architectural adaptation, we now consider continuous variation of upper leaf elevation b 2 and petiole length (by varying m 2 ), with a fixed lower leaf. In figures 11 and 12, we show steady-state (at 24 h) values for temperature, water vapour concentration, saturation and total transpiration rate, for both the upper and lower leaves (subscripts 2 and 1, respectively) as functions of m 2 , b 2 , with fixed b 1 ¼ 58 and m 1 ¼ 0.5. Figure 11 shows results of simulations which mimic those of Crawford et al. [2] by having the soil covered. For the upper leaf, we see a similar dependence on architecture as for the single-leaf problem. For angles b 2 458, the upper leaf temperature decreases with increased m 2 , whereas for greater (fixed) elevations, T 2 is non-monotonic with respect to m 2 . This again corresponds to a decreased saturation s 2 with elongation. The temperature heat map for the lower leaf shows a different effect. As m 2 is increased from a very small value, the evaporation from the upper leaf contributes to an increased vapour concentration to which the lower leaf is exposed, thus reducing the lower leaf's transpiration rate and increasing its temperature T 1 . As m 2 is further increased, the upper leaf is eventually far enough away from the lower leaf such that its contribution to water vapour build-up is lower, and its temperature T 1 begins to decrease. Hence, we see, for each fixed b 2 , a maximum in the lower leaf temperature with respect to m 2 . The upper leaf is always cooler than the lower leaf, by up to approximately 18C.
The results for uncovered soil (q soil ¼ 10 24 m s
21
), shown in figure 12 , again reveal non-monotonicity of the upper leaf temperature T 2 with respect to upper leaf elongation m 2 , but this time for smaller angles (b 2 458). Here, the vapour concentration and transpiration rate initially increase with m 2 as the upper leaf becomes less shielded by the lower leaf from the soil surface vapour source. For each b 2 458 there is a value of m 2 for which the temperature reaches a maximum; elongation beyond this value then benefits cooling by increasing the distance from the vapour source at y ¼ 0. Again, the lower leaf has a temperature of the order of 18C higher than the upper leaf. This time, the lower leaf temperature T 1 is monotonic increasing with upper leaf elongation m 2 , whereas a more distant upper leaf lessens the effect of vapour flux from upper leaf, the elongated petiole acts as a trap for the vapour rising from the soil surface and there is no maximum in water vapour concentration C 1 (nor minimum in transpiration rate E tot,1 ) as m 2 increases.
Varying environmental conditions
The majority of our simulations so far have mimicked the experiments in Crawford et al. [2] , where Arabidopsis plants were grown in cabinets where ambient temperature and relative humidity were controlled and kept constant throughout the experiments. Our model can, of course, be modified in order to capture the effects of varying environmental input conditions, such as ambient temperature and water supply from the roots, and to generate experimentally testable predictions. Figure 9 . Two leaves, varying architecture: graphs of (a) temperature T, (b) water vapour concentration C and (c) liquid saturation s profiles (as functions of leaf axial coordinates j 1,2 ) at steady state for two-leaf plants in a 288C environment, (d) with total water loss W 1þ2 (from both leaves) time courses. Plant architectures: compact (red), hyponastic elongated (cyan) and very hyponastic elongated (blue); upper leaf dashed lines.
Effect of increasing ambient air temperature
A demonstration of the effect of varying ambient air temperature T 1 in a range of different experiments, kept constant throughout each one, is shown in figure 13 . Here, the upper leaf values for temperature, water vapour concentration, saturation and total transpiration are computed at steady state (after 24 h), after introducing a two-leaf plant into the T 1 environment. The four quantities are all monotonic functions of T 1 , with increases in ambient temperature giving increases in temperature, water vapour concentration and total transpiration, together with decreased leaf water saturation. Note, however, that the model does not currently include any temperature dependence of parameters such as stomatal opening; such development in the model is an area for future work, informed by new experimental data.
Varying inlet water supply for a single-leaf configuration
The water uptake by the plant, modelled here by the inlet saturation s 0 , has been fixed for all simulations described in this paper so far. In reality, this will vary dynamically, and will be a function of variables including initial soil water content, ambient air temperature, and importantly the root architecture and water uptake mechanism. Coupling the aboveground (shoot) architecture to the root architecture requires additional model components for heat and mass transfer in the soil, root-water uptake and flow in the roots, which are beyond the scope of the present study; we refer the reader to Roose & Schnepf [12] for a discussion of plant -soil interaction models. However, we can make a preliminary assessment of the effects of factors controlling water supply to the petiole vertex simply by varying s 0 in our current model. Previously, we have noted that elongating a petiole (increasing m 1 ) can result in higher temperature owing to a lower leaf water saturation limiting the transpiration rate.
In figure 14 , we show centre-leaf temperature T as a function of both elongation and inlet saturation. While increasing elongation for a fixed inlet saturation results in a higher T, increasing saturation for fixed elongation decreases T. Thus, if varying growth conditions resulting in petiole elongation also result in an increased water availability at the petiole vertex (e.g. by adaptations in root architecture, or internal structure of the petiole), then decreased leaf temperature could be seen with increased elongation; one example of such a relationship between m 1 and s 0 is indicated in figure  14 by a black line.
Discussion
In this paper, we have used mathematical modelling to address the hypothesis presented in recent work [2] that high-temperature-mediated shoot architectural adaptations observed in Arabidopsis could reflect a cooling strategy based on increasing leaf-soil and inter-leaf separation. In considering this hypothesis, we have developed a new model that couples rsif.royalsocietypublishing.org J R Soc Interface 10: 20130326 heat and mass transfer within the plant's petioles and leaves, and the surrounding air. The model has allowed us to understand possible mechanisms by which a plant uses water to cool its leaves, by quantifying the effects of key architectural parameters on leaf temperature, water content, transpiration rate and water vapour concentration in the air. Our results support the hypothesis that high-temperature-adapted architectures enhance leaf cooling by sufficiently separating leaves, both from the soil surface and each other, in order to avoid a transpiration-restricting accumulation of water vapour in the air adjacent to the stomata on the underside of leaves. Increased leaf-leaf and soil-leaf separation achieved by increases in petiole length and angle generally result in lower vapour concentration adjacent to the leaf, increased transpiration rate and lower temperature. In covered-soil conditions (as in the experiments of Crawford et al. [2] ), the varying water content of the leaf can serve to limit the transpiration rate in elongated configurations, leading to complex nonlinear dependence of leaf temperature on elevation and elongation. However, with sufficient vapour flux from the soil surface (unlike the covered-soil experiments of Crawford et al. [2] ), our model predicts monotonic relationships, reflecting the increased benefit to cooling of separating the leaf from the soil surface. In summary, the key simulated response to elongation and elevation is a decrease in leaf temperature, as a result of increased transpiration rate (and thus enhanced evaporative cooling capacity) due to leaf separation.
Importantly, the results obtained from our mathematical model reproduced the qualitative trends shown in experimental data [2] . Furthermore, we obtain quantitative agreement with the orders of magnitude of water loss rates and temperature differences reported in Crawford et al. [2] . 
E tot,2 (kg s -1 ) Given that our two-dimensional approximation can reproduce good agreement with data from an inherently threedimensional process (in three dimensions, the water vapour diffusion path from below a petiole to above it is much shorter than in two dimensions), we are confident that further model development and extension to three dimensions will admit parametrizations that give even better agreement with experimental data. The goal of this study was to assess the effect of key architectural parameters ( petiole/leaf elevation and elongation here) on plant temperature control. Future work could include more extensive parameter sensitivity analysis, to better understand the role of heat transfer, hydraulic and stomatal coefficients in the model. Ideally, these would be combined with complementary parameter estimation studies as new data are generated, particularly using temperature and water loss time courses recorded at shorter time intervals, to allow insights into the dynamic behaviour of the system. A significant feature of our mathematical model is that there is a feedback from the plant to the surrounding air provided by the transpirational flux, whereby the transpiration rate from the lower leaf stomata is a function of our key variables and a quantity that we solve for, rather than a prescribed model input as in Chuang et al. [23] . This coupling at the leaf-air boundaries represents an improvement over current models available in the literature. Moreover, the two-dimensional formulation and finite-element solution technique, with leaf-width consideration, establishes a platform upon which to build a more detailed model in two and three dimensions. Our model is the first of its type to couple the flow and heat transfer in the plant and its surroundings at plant shoot scale, and we suggest that it is a powerful 'basic model'; the coupling is of fundamental rsif.royalsocietypublishing.org J R Soc Interface 10: 20130326 importance, and each of the model components could now, with the aid of new experimental data, be modelled in greater detail. For example, the interior architecture of the leaves and petioles could be considered, along with structure of leaf vein networks [46] , stomatal distribution patterns and root networks. Further extensions to bring the model closer to 'natural' conditions should also include plant -soil interactions [12] , air movement and air temperature variability, stomatal function, the energetic costs of plant growth responses and radiation load on leaf surfaces.
Our current work thus appears to provide not only new insights into the significance of architectural adaptations in relation to plant cooling, but also provides a potential platform for bridging the gap between modelling of the soilplant -atmosphere continuum (where the current state of the art lies in detailed models of water movement [23, 36] ) and leaf and stomatal-scale heat and gas balance models [35, 37, 38, 40] . Water-use efficiency is a priority area in plant science research, particularly with regard to growth at elevated temperatures associated with global climate change [48, 49] . The majority of research to date has focused on the intricate molecular mechanisms controlling root architecture [50] , stomatal development [51] and stomatal aperture [52] . Our study, when combined with experimental data presented in Crawford et al. [2] , suggests that shoot architecture significantly impacts on stomatal function in natural environments.
Much of the computational work here has been directed towards understanding, and finding agreement with, recent experimental results for Arabidopsis in well-watered conditions [2] . It is worth noting that the model and its constituent mechanisms are based on assumptions more widely applicable to other plants. Thus, our model possesses a valuable generality, and could be applied further to different species, in different environmental conditions. For example, our model could be used in tandem with laboratory experiments to investigate architectural effects on the cooling of crops (including multiple plants grown at varying densities), and also the trade-off between cooling and water conservation strategies in drought conditions.
We conclude that our timely mathematical study has resulted in three significant advances.
(1) Simulations which support previous suggestions that leaf separation and elevation from the soil surface facilitate plant cooling capacity [2] . (2) New insights into the interplay between shoot architecture, leaf cooling and water supply. average for leaves studied in Linacre [47] (Continued.)
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